To determine whether regional wall motion abnormalities exist or contribute to left ventricular dysfunction, we obtained two-dimensional echocardiograms in 12 athletes before (baseline), immediately after (race finish), and 1 day after (recovery) the Hawaii Ironman Triathlon (a 3.9-km swimming, 180.2-km bicycling, and 42.2-km running event). Left ventricular short-axis and apical four-chamber views were computer digitized and divided into six segments, and radial chord shortening and area ejection fraction were calculated. Global ejection fraction fell at race finish (51% versus 46%, p<0.05) but recovered by 1 day (54%, p<0.01 by repeatedmeasures analysis of variance). With the apical four-chamber view, midseptal and apical-septal motion were reduced at race finish but returned to baseline during recovery (midseptal radial chord shortening: 21%, 8%, 22%; apical-septal radial chord shortening: 27%, 12%, 25%; midseptal area ejection fraction: 39%, 30%o, 40%Xv; apical-septal area ejection fraction: 44% baseline, 33% race finish, 43% recovery; all p<0.01). In contrast, with the parasternal short-axis view, wall motion did not change at race finish but tended to be elevated during recovery and became significant for anteroseptal motion (radial chord shortening: 29%, 30%, 36%; area ejection fraction: 491% baseline, 51% race finish, 58% recovery; bothp<0.05). Lateral wall motion was unchanged. In addition, an index of septal curvature was calculated using the ratio of the septal-lateral wall minor axis to the perpendicular anteroposterior minor axis. At all three data collections, this ratio remained close to 1.0 at end systole and end diastole. Thus, the normal left ventricle may demonstrate heterogeneity of regional wall motion after prolonged exercise. Given the lack of change in septal position, substantial ventricular interactions are unlikely. (Circulation 1990;82:2108-2114 E xercise-induced left ventricular dysfunction, whether global or segmental, is generally associated with cardiac disease. However, transient reductions in systolic and diastolic performance after very prolonged exercise have been noted by us and others,1-4 and acute cardiac failure5 and thallium perfusion defects6 have been reported after prolonged exercise in healthy marathon runners. To date, studies of left ventricular performance have not included rigorous quantitative analysis of segmental function to evaluate the possible contribution of regional wall motion abnormalities.
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We recently described right ventricular dilation after prolonged exercise, which may adversely affect left ventricular performance through ventricular in-teractions.7 However, septal position and motion have not been evaluated as possible contributors to an exercise-induced decrement in cardiac function.
Accordingly, the purpose of the present study was to assess the presence and severity of regional wall motion and interventricular septal position abnormalities after prolonged exercise. Computer-assisted analysis was performed on two-dimensional echocardiograms obtained before, immediately after finishing, and during recovery from the Hawaii Ironman Triathlon, an ultraendurance race consisting of 3.9-km swimming, 180.2-km bicycling, and 42.2-km running.
Methods

Subjects
The study population consisted of 12 ultraendurance athletes with a mean age of 36+12 years (range, 20-57), including five women and seven men. Environmental conditions during the race were as follows: humidity ranging from 40% to 85%, ambient temperature ranging from 240 to 420 C, and water temperature of 260 C. During the race, the athletes chose their own speed and rest periods and had liberal access to food and fluids. Average weight loss was 1.6 kg. All subjects gave written, informed consent to participate in this study.
Two-Dimensional Echocardiograms
All subjects underwent three echocardiographic studies: a baseline study 2-4 days before the race, a second study immediately after finishing the race (average time from finish to recording, 11+5 minutes; range, 3-19 minutes), and a third study after 1-2 days of recovery (28+8 hours). Two-dimensional echocardiograms were recorded from the apical fourchamber view and the parasternal short-axis view at the high papillary muscle level using a commercially available ultrasonograph (aTL, Bothell, Wash.). Imaging location and gain settings were adjusted to yield optimal definition of endocardial and epicardial borders and were recorded to enable duplication during subsequent imaging. Care was taken at each data collection to ensure that similar patient and transducer positions were obtained and that identical portions of the cardiac chambers were imaged.
The endocardial borders of the left ventricle on the four-chamber and short-axis views were digitized by a single observer at end diastole and end systole on 3-5 consecutive beats using a computerized light pen system (Digisonics, Houston) and were averaged. Reproducibility was previously determined in our laboratory by repeated digitizing of the left ventricular cavity and yielded a correlation coefficient of 0.98, slope of 0.97, and standard error of the estimate of 1.31 cm'. 8 For the short-axis view, endocardial centroids were independently identified for each end-diastolic and end-systolic view according to the center of mass and the six equal cardiac segments dividing the left ventricle in a clock-face fashion.9 Segments were septal, anteroseptal, anterior, lateral, posterior, and inferior. The shortening fraction of each radius or chord and the area ejection fraction for each segment were determined. 10 The apical four-chamber view was analyzed by drawing a center line from the midmitral valve to the left ventricular apex and by dividing the endocardial perimeter into six segments: basal, middle, and apical septum and apical, middle, and basal lateral wall.'1 Again, the shortening fraction of each radius and the area ejection fraction of each segment were determined. Global volumes and ejection fractions were determined with Simpson's rule.
To evaluate septal position and curvature, two left ventricular minor axes were measured on the shortaxis view, with one axis drawn from the septum to the lateral wall and a perpendicular axis constructed from the anterior to posterior walls.12 The ratio of 58±8t   0  0  Anterior  51±10  50±9  55±11  3  25  Lateral  49±84  49±9  56± 10   4  33  Posterior  48±11  50±8  58±8  0  0  Inferior  51±9  49±8  55±11  2  17 Abnormal at finish, number and percentage of subjects with shortening at race finish less than baseline (mean-1 SD septal-lateral area length to anterior-posterior axis length was calculated at end systole and end diastole.
Statistical Analysis
Comparisons of baseline, race finish, and recovery values were performed by one-way repeated-measures analysis of variance with post-hoc testing performed with the Neuman-Keuls test. Data in text and tables are mean+SD.
Results
Mean heart rate and systolic blood pressure for each data collection are listed in Table 1 . According to comparisons at baseline, at race finish, and during recovery, left ventricular volumes at end systole and end diastole were not significantly different. Average global ejection fraction decreased from 51% to 46% at race finish and increased to 54% during recovery.
Diastolic and systolic minor axis ratios were very close to 1.0 at baseline and did not change at race finish.
Analysis of left ventricular wall motion abnormalities with the short-axis view showed no changes at race finish with either the radial chord shortening or area ejection fraction methods (Table 2, Figure 1 ). In contrast, both methods showed increased shortening in the anteroseptal region at recovery.
Analysis of left ventricular wall motion abnormalities with the apical four-chamber view showed reductions at race finish in midseptal and apicalseptal segmental function with the chordal shortening and area ejection fraction methods. However, both segments returned to normal during recovery and did not display hyperdynamic function (Table 3, Figure 2 ). Five of the 24 segments examined had significant decreases in function at race finish. Abnormal at finish, number and percentage of subjects with shortening at race finish less than baseline (mean-1 SD). *p<0.05 vs. baseline; tp<0.05 vs. recovery; tp<0.01 vs. baseline; §p<0.01 vs. recovery.
Individual data from each of these areas are shown in Figure 3 .
The number of segments in which shortening fell below 1 standard deviation of the baseline group mean for each region of interest at race finish ranged from one to nine, of a possible 24 examined. There were no relations between age, gender, or exercise duration and the number of abnormal segments.
Discussion
Although several studies have presented evidence of reduced left ventricular function after prolonged exercise,1-7 the possible contributions of segmental wall motion abnormalities or ventricular interactions have not been previously evaluated. The results of the present study suggest that transient septal wall motion abnormalities, but not alterations in septal position, occur after prolonged exercise and contribute to exercise-related dysfunction.
Prolonged exercise has been reported to cause clinical cardiac failure or acute pulmonary edema, as well as echocardiographic evidence of reduced systolic and diastolic function. Niemela et al,1 our laboratory,2 and Seals et a14 have reported 10-16% reductions in fractional shortening after 3-24 hours of exercise. Niemela et a13 also reported slowing of early diastolic wall thinning and cavity expansion, and we2 reported an altered left ventricular filling pattern.
The finding of regional abnormalities was unexpected in this relatively young, healthy, asymptomatic population, in part because we have previously noted no acute electrocardiographic changes such as ST segment or T wave abnormalities nor increases in the cardiac subfractions of creatine phosphokinase or lactate dehydrogenase after prolonged exercise.2 To our knowledge, no previous study has reported the detec-tion of wall motion abnormalities in subjects with normal hearts. Instead, such a finding is universally considered diagnostic of ischemia. Whether our results can be duplicated in a nonexercise-trained population, exercising for a briefer period, remains to be shown. However, data from sedentary individuals suggest that global cardiac dysfunction after exercise is produced much more quickly than is in the athlete. 2 Although surprising, our results are not without some precedent. Positive thallium scintigraphic results have been reported in patients with normal left ventricular function and normal coronary artery anatomy. 13 Because most exercise tests are brief and involve maximal exertion, few studies have examined myocardial perfusion after prolonged submaximal exercise. One such study performed qualitative analysis of thallium scintigraphy after 40±7 minutes of fatigue-limited submaximal bicycle exercise by marathon runners.6 Five of 10 runners had reversible defects, all septal, with one of the five also having anterolateral and apical abnormalities. Quantitative analysis revealed that three subjects had segmental defects. In contrast, sedentary control subjects, who exercised for only 9±1 minutes, had no scintigraphic abnormalities. Osbakken and Locko6 postulated that their results may be due to "inhomogenous hypertrophy" or metabolism resulting in uneven thallium uptake. Other possibilities include regional loading differences or even inhomogenous perfusion, perhaps related to the high flow volume and coronary dilation found in the hearts of exercise-trained subjects. Although the precise etiology in humans cannot be determined using conventional noninvasive techniques, it is interesting that in Osbakken and Locko's study the defects were septal, in the same area as the wall motion abnormalities found in the present study.
Another possible mechanism for the decrease in left ventricular shortening after prolonged exercise Orthogonal Chord Shortening Fraction is ventricular interaction.'415 Right ventricular afterload and work are disproportionately increased during exercise compared with the left ventricular afterload and work16'17; we recently demonstrated dilation of the right ventricle but smaller left atrial, right atrial, and left ventricular sizes after prolonged exercise.7 However, the present study failed to find any change in septal position. We used the minor axis ratio as an estimate of septal curvature or as an estimate of the septal flattening that may be associated with right ventricular pressure or volume overload. 12 Although the technique should be sensitive to leftward displacement of the interventricular septum, it obviously cannot definitively exclude the possibility that altered right ventricular shape, loading conditions, or compliance occurs or even affects left ventricular performance. Our results do suggest, however, that ventricular interactions are not a substantial contributor to decreased ejection fraction after prolonged exercise. The apical location of the observed abnormality suggests that this region and the apical four-chamber view should be routinely included in the exercise echocardiogram.
The constraints inherent in performing the present study, including the remote location, the study population, and the nature of the exercise involved, are substantial. For example, although the addition of apical two-chamber and parasternal long-axis may enhance the study, the time required to perform and record these additional scans likely means that data acquisition would extend beyond the immediate postexercise period. Despite these limitations, performance of this amount of exercise could not be duplicated merely for investigational purposes. However, we only hypothesize a mechanism by which regional wall motion abnormalities may develop after prolonged exercise. Ischemia cannot be excluded . Plot of subject age and gender plotted against number of abnormal segtnents (of 24 examined) in which function at exercise finish decreased by more than 1 standard deviation below the baseline group mean for that region.
(indeed, Osbakken and Locko's study suggests that this may in fact be occurring), nor can additional insight into local metabolism and recovery from exercise be obtained easily in humans outside of the diagnostic laboratory. Similarly, the cause of hyperdynamic wall motion during recovery is not easily found. Although left ventricular volume tended to decrease after exercise, this did not become significant and is unlikely to be causally related to segmental abnormalities.
A possible limitation of this study is its reliance on quantitative analysis of two-dimensional echocardiograms that, in turn, depends on the quality of the primary data, the observer, and the reference system used. We used standard methods that are used by many investigators and recommended by the American Society of Echocardiography.20 Furthermore, although the quality of exercise echocardiograms has been questioned, our studies were performed several minutes after the end of the exercise, when imaging conditions are much more favorable.
In searching to better understand the decrement in left ventricular function caused by prolonged exercise, we found in this study that transient regional wall motion abnormalities may contribute to this effect. Although the mechanisms are unclear, these data sug- gest that, under extreme conditions, segmental dysfunction occurs even in the normal left ventricle. If true for brief, maximal exercise in the nonathletic subject with a normal or diseased heart, this holds profound implications for clinical exercise testing. Further study of the local effects of exercise-induced hypertrophy and prolonged exercise are necessary.
